Abbreviation Key: FG = feed grade; MT = metallothionein; RG = reagent grade. ABSTRACT Four experiments were conducted to identify several factors that might improve the accuracy and reproducibility of Zn bioavailability assays for chicks. Response of tissue Zn and metallothionein (MT) concentrations to various elevated levels and soluble sources of dietary Zn were measured, as well as the effect of delaying high Zn administration until 7 d posthatching to alleviate the detrimental effect of Zn sulfate on feed intake to 3 wk of age. Bone Zn increased (P < 0.01) in all experiments in response to increasing dietary Zn concentrations. Liver and pancreas MT were affected (P < 0.01) by a source by age interaction and variability that made this criterion unsuitable for bioavailability assays. Lastly, 1-d-old chicks were used to study the effect of delaying feeding of a high-Zn diet up to 7 d of age. The basal diet was fed continuously for 21 d as a control. A diet containing 1,000 ppm Zn was either fed continuously from Day 1, or started on Day 3, 5, or 7. Chicks given high Zn on Day 3, 5, or 7 decreased (P < 0.01) feed intake within 24 h of feeding. Delayed feeding of high dietary Zn might help to alleviate decreased feed intake observed in previous studies.
INTRODUCTION
Numerous experiments have been conducted during the last 40 yr to estimate the bioavailability of Zn in supplemental sources and dietary ingredients; however, more than those with other trace elements, these studies have proven to be fraught with various difficulties (Baker and Ammerman, 1997) . Although we do not yet fully understand the element's metabolism, Zn homeostasis and kinetics are extremely complex compared to other essential trace minerals. The model with multiple compartments and time lags describing Zn kinetics in humans proposed by Foster et al. (1984) is evidence of the highly intricate nature of this trace element, although a similar model was not found for poultry. This complexity may be the due, in part, because Zn is the only essential trace element that has a filled 3d shell [and thus has no unpaired electrons (Chesters, 1997) ] and is necessary for so many diverse enzymatic reactions and other physiological processes.
Experiments from our laboratory, in which broiler diets were supplemented with as much as 1,500 ppm Zn from reagent grade (RG) Zn sulfate, have shown depression in feed consumption and body weight (Henry et al., 1987; Sandoval et al., 1997) . However, addition of a similar amount of Zn from other sources such as Zn oxide did not cause similar responses (Johnson et al., 1962; Sandoval et al., 1997) .
Tissue uptake of Zn in chicks is related to Zn intake and it has been reported in some circumstances to be linear with respect to dietary levels (Henry et al., 1987; Wedekind et al., 1992; Sandoval et al., 1997) ; thus, utilization of Zn by the chick from different sources can be evaluated using this approach. A highly soluble source of Zn, such as Zn sulfate, is generally used as the standard source in these relative bioavailability assays, but this form can cause feed refusal. It is well recognized that an increase in Zn status of an animal results in increased synthesis of metallothionein (MT) in many different tissues (Richards, 1989) . Although several groups have examined the relationship between Zn and MT, especially in the rat, there have been no direct comparisons or time-course studies of MT accumulation in liver and pancreas of chicks as influenced by high dietary concentrations of Zn. Such data are needed to evaluate this functional protein as a potential criterion in bioavailability assays.
The objectives of the present study were to examine the effects of age and high concentrations of dietary Zn from various sources on tissue Zn and MT accumulation in chicks for potential use as bioavailability criteria and examine the effect of delaying time of initial high Zn supplementation up to 7 d of age on feed intake and body weight to 3 wk of age to eliminate problems in bioavailability assays resulting from use of Zn sulfate as the standard source of the element.
MATERIALS AND METHODS

Experiment 1
A total of 144 1-d-old male Cobb feather-sexable chicks was used in a completely randomized design. A 4 × 3 factorial arrangement of treatments included 0, 500, 1,000, or 1,500 ppm Zn as RG ZnSO 4 ·7H 2 O added to the basal diet (Table 1) containing 77 ppm Zn (DM basis, by analysis) and fed for 1, 2, or 3 wk. The basal corn-soybean meal diet was formulated to meet or exceed requirements for starting chicks (National Research Council, 1994) . Zinc additions to the diet were made in place of equivalent weights of cornstarch. Chicks were assigned randomly to pens in thermostatically controlled, electrically heated brooders with stainless steel feeders, waterers, floors, and gates and allowed ad libitum access to feed and to tap water that contained no detectable Zn. They were maintained on a 24-h light schedule. There were two pen replicates of six chicks for each of 12 treatment combinations. Chicks in all experiments were managed according to guidelines approved by the Office of the University of Florida Veterinarian.
At either 1, 2, or 3 wk of age, chicks were weighed individually and feed consumption was recorded per pen. Blood was collected by anterior heart puncture with heparinized needles and syringes from two chicks in each pen chosen at random and plasma was pooled and saved for mineral analysis. The four remaining chicks in each pen were killed by cervical dislocation, then liver, both kidneys, right tibia, and Pectoralis major muscle were excised and frozen at -20 C in heat-sealed polyethylene bags for subsequent mineral analysis.
Experiment 2
This study compared the effect of two Zn sources on performance and tissue Zn uptake in chicks fed a high dietary concentration of Zn. Forty, 1-d-old, female Ross × Ross chicks were assigned randomly to pens in a completely randomized design, with two replicate pens of four chicks for the basal treatment and two replicates of eight birds per pen for each of the two Zn treatments. Treatments included the basal diet containing 62 ppm Zn (DM basis by analysis; Table 1 ) and the basal supplemented with 1,000 ppm Zn as either RG Zn sulfate or feed grade (FG) Zn gluconate.
Body weight of individual chicks and feed intake by pen were measured weekly. On Day 21, chicks were weighed and killed by cervical dislocation. Right tibia, liver, kidney, pancreas, and brain were collected and frozen at -20 C for subsequent Zn analysis.
Experiment 3
Twenty-seven, 1-d-old, female Ross × Ross chicks were reared in a brooder as described for Experiment 1. A completely randomized design was used with one replicate of nine birds assigned to each of three treatments. Dietary treatments included the unsupplemented basal and the basal supplemented with 1,000 ppm Zn as either RG Zn acetate or RG Zn oxide. The basal diet contained 63 ppm Zn (DM basis by analysis; Table 1 ).
Chicks were killed by cervical dislocation at 1, 2, or 3 wk of age. Bone was collected and frozen for Zn analysis. Liver and pancreas were excised and frozen at -20 C for analysis of MT.
Experiment 4
A total of 270 1-d-old Ross × Ross broiler chicks was used to study the effect of delayed feeding of a high Zn diet up to 7 d of age on daily feed intake and BW to 3 wk of 5 Model 5000 with AS-50 autosampler, Perkin-Elmer, Norwalk, CT 06859-0156.
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age. Nine pens of six chicks (three males and three females) each were fed the basal corn-soybean meal diet containing 60 ppm Zn (DM basis; Table 1 ) continuously for 21 d as a control. There were also nine pens of six chicks fed each of the Zn treatments. The high-Zn diet contained 1,000 ppm Zn added as RG ZnSO 4 ·7H 2 O and was either fed continuously from Day 1, or started on Day 3, 5, or 7. Birds were fed the basal diet prior to the change to the high-Zn diet. Birds were housed in brooders as described in Experiment 1. Feed intake by pen was recorded daily and males and females were group-weighed by pen weekly. Feed intake was adjusted for mortality.
Chemical Analysis
Zinc, and other mineral concentrations except for P, in diets, water, Zn sources, and tissues were determined by flame atomic absorption spectrophotometry 5 (Anonymous, 1982) . Samples of tissues and diets were dried at 105 C for 12 h. Tissues except for bone were predigested in HNO 3 , until charring was completed, then all samples were dry ashed at 550 C for 12 h, solubilized in HCl, and filtered through 42 Whatman paper. Bones were boiled for approximately 10 min in deionized water, and cleaned of all soft tissue. Tibias with associated cartilages were dried for 12 h at 105 C, and extracted in a Soxhlet apparatus with petroleum ether for 48 h prior to ashing and solubilization as indicated above. Water was concentrated 10-fold by evaporation on a hotplate. Zinc sources were refluxed for 4 h in 1:1 (vol:vol) concentrated HCl-HNO 3 and filtered through 42 Whatman paper. Plasma was deproteinated at a 1:10 dilution rate with 10% trichloroacetic acid, centrifuged at 2,500 × g for 10 min, and Zn determined on the supernatant. Standards were matched for macroelement and acid concentrations as needed and citrus leaves-1572 or bovine liver-1577a standard reference materials 6 were included with samples as internal standards. Phosphorus in tissue samples was determined by a colorimetric method (Harris and Popat, 1954) .
Solubility of 0.1 g of the Zn sources was determined in 100 mL of H 2 O, 0.4% HCl, 2% citric acid, or neutral ammonium citrate after 1 h of constant stirring at 37 C (Watson et al., 1970) . Particle size separation was performed on a 20-g sample of each source with No. 20, 100, and 200 sieves, 6 and the RG sulfate was ground in a coffee mill prior to analysis and inclusion in the diets.
The MT concentration of liver was determined by 109 Cd-hemoglobin affinity assay as described by Eaton and Toal (1982) . Dilutions of the liver and pancreas homogenates were made with Tris buffer (pH = 7.4; 10 mM) to adjust samples to the concentration range of the assay.
Statistical Analysis Experiment 1. Data were analyzed by two-way ANOVA with a model that included age, dietary Zn concentration, and their interaction. Pen was the experimental unit. Linear regression by age of tissue Zn concentration on dietary Zn concentration was determined by the least squares method using the General Linear Models (GLM) procedure (SAS Institute, 1990) .
Experiments 2 and 3. Data were analyzed by one-way ANOVA using the GLM procedure (SAS Institute, 1990) . Treatment means were compared using single degree of freedom contrasts.
Experiment 4. Daily feed intake was analyzed with the repeated measures option of the GLM procedure (SAS Institute, 1990 ) with contrasts of control vs each Zn treatment. This analysis was actually a comparison between the nth d and the 1st d, but because intake on the 1st d was small, this comparison could be used to compare treatments. Weekly body weight, weekly feed intake, and total feed intake during 21 d were analyzed by GLM with an LSMEANS statement and PDIFF option to compare treatments (SAS Institute, 1990) .
RESULTS
Zinc Sources
The RG Zn sulfate, Zn acetate, and Zn oxide were all relatively pure compounds. The gluconate, acetate, and oxide had similar particle size distribution ( Table 2 ). The sulfate was ground prior to use and, consequently, had a greater proportion of smaller particles than other sources. The Zn oxide was not soluble in water, but was highly soluble in all other solvents. The Zn acetate and gluconate were more soluble in water than the oxide, as well as the 0.4% HCl, 2% citric acid, and neutral ammonium citrate. The RG sulfate was completely soluble in all solvents tested. The Zn gluconate was an over-the-counter preparation intended for human dietary supplementation.
Experiment 1
Feed intake and body weight were affected (P < 0.0001) by age (Table 3) . Body weight decreased (P < 0.05) with increasing dietary Zn at all ages. There was a 15% decrease in feed intake between chicks fed the control diet and those supplemented with the greatest concentration of Zn at 1 wk, but a 9% difference at 3 wk.
As age increased from 1 to 3 wk, Zn concentration in bone and muscle decreased (P < 0.0001), probably as the result of dilution in concentration from tissue mass increasing at a rate greater than tissue Zn deposition balance by redistribution (Table 4) . Liver Zn concentration increased (P < 0.05) with increasing age and this may have resulted from this tissue's role as a temporary storage depot. Increasing dietary Zn supplementation resulted in increased Zn concentration in bone and liver (P < 0.0001), Table 5 .
The best fit linear model, along with the greatest l criterion and lowest coefficient of variation, was found for the equation representing bone Zn concentration at 3 wk. Better fit to a linear model was found for bone Zn at all ages (r 2 = 0.88 to 0.99) compared with other tissue Zn concentrations. Liver Zn became less variable as the chicks reached 3 wk than at earlier ages and this result may reflect the limit of homeostatic control for this tissue. Muscle Zn was a more reliable indicator of Zn status at 1 wk (r 2 = 0.69) than 3 wk (r 2 = 0.04). Plasma Zn was a comparatively poor predictor of Zn intake at all ages.
Dietary Zn supplementation had little effect on the concentrations of other tissue minerals during the study (data not shown). The main effects of age are shown in Table 6 . The majority of tissue mineral concentrations generally decreased as the chicks became older. The total amount of mineral may have increased with the increasing mass of the tissue; however, the concentration decreased due to a dilution effect. Except for Mg, muscle generally had lower concentrations of minerals than other tissues.
Experiment 2
Performance of chicks was affected by supplementation with dietary Zn (Table 7) . There was a greater difference observed with contrasts between unsupplemented vs supplemented than between sulfate vs gluconate supplements for daily feed intake and gain at all ages. There was a difference between sulfate and gluconate at 1 and 2 wk (P < 0.10) for feed intake, which became significant at 3 wk (P < 0.05). A similar trend was observed for BW gain. Unlike results observed in Experiment 1 with male chicks, as Zn sulfate was fed for increasing lengths of time in the present experiment to female chicks from a strain with a faster growth rate, the percentage depression in feed intake increased from 5% at Week 1, to 23% at Week 2, and 27% at 3 wk. Addition of supplemental Zn at 1,000 ppm for 3 wk increased bone Zn concentration (P < 0.01) and pancreas Zn concentration (P < 0.0001; Table 8 ). Concentration of Zn in liver, kidney, and brain did not differ among treatments. There was no difference between Zn sources for bone Zn, but pancreas Zn was greater (P < 0.05) in chicks given sulfate than in those given gluconate. To estimate a relative bioavailability value for gluconate, the mean bone Zn concentration of sulfate (474 ppm), the standard source, was set as 100%. A mean ratio of bone Zn concentration from chicks fed Zn gluconate (516 ppm) to those fed Zn sulfate gave a bioavailability value of 109% for gluconate. When a three-point calculation was done in which the mean for the control group was subtracted from that of each source prior to calculating the mean ratio, the availability of Zn from Zn gluconate increased to 133%. Thus, the gluconate form of Zn has a bioavailability similar to that from Zn sulfate; however, the detrimental effect on feed intake observed would make this source of the element a poorer choice as a standard in bioavailability assays.
Experiment 3
Bone Zn uptake was influenced by source of Zn (P < 0.0001) and age of the chicks (P < 0.01; Table 9 ). Supplementation with the element increased bone Zn (P < 0.0001), but there was no difference between the acetate and oxide forms (P > 0.10). Bone Zn concentrations differed (P < 0.01) at all three ages and decreased as the chicks became older. Liver and pancreas MT concentrations were greater (P < 0.0001) in chicks supplemented with dietary Zn than in unsupplemented control birds. Concentrations of MT were lower in liver (P < 0.0001) and pancreas (P < 0.01) at 1 wk than at 2 or 3 wk. There was no further increase (P > 0.10) in MT concentration from 2 to 3 wk for liver or pancreas. Supplementation of chicks with Zn acetate resulted in greater MT concentrations in liver (P < 0.05) and pancreas (P < 0.01) than in chicks given Zn oxide. For simplicity, only the 3-wk data were used to calculate three point bioavailability estimates from the three criteria in Table 9 . Acetate was considered the standard source because it had greater solubility and the value for this source was set at 100%. The bioavailability estimates for oxide were 88% for bone Zn, 61% for liver MT and 43% for pancreas MT. There was considerable variation in this bioavailability estimate depending upon which week's data were used in the calculation. Estimates of bioavailability of oxide compared to acetate ranged from 43% with pancreas MT concentration at 3 wk, to 160% for pancreas MT concentration at 1 wk. 
Experiment 4
Total feed intake during the 21-d experiment (Table 10 ) averaged 868, 797, 829, 796, and 824 g for chicks fed the control diet or those fed the high Zn diet starting on Day 1, 3, 5, and 7, respectively, and was greater (P < 0.05) for birds given the control diet continuously than those given Zn.
Feed intake was also totaled by week (Table 10) . During Week 1, feed intake was lower (P < 0.05) for birds fed Zn beginning on Days 1, 3, or 5, than in those fed the control diet continuously or started on high Zn on Day 7. During Week 2, feed intake of all chicks supplemented with Zn was lower (P < 0.05) than that of birds fed the control diet. During Week 3, feed intake was similar for birds fed the control diet continuously and those fed the high Zn on Days 3 or 7. Body weight of chicks supplemented with high Zn was lower (P < 0.05) during Weeks 1 and 2; however, during Week 3, birds fed Zn on Days 3 or 7 had BW that were not different from those of chicks fed the control diet.
Probability values of contrasts between the nth day and Day 1 for control vs each Zn treatment for feed intake are in Table 11 . The small amount of feed consumed by birds resulted in no difference in feed intake of chicks given high Zn on Day 1 until Day 3 (P < 0.05). Chicks given high Zn on Day 3 decreased (P < 0.01) feed intake during that initial 24 h of feeding. Birds fed high Zn on Day 5 had decreased (P < 0.01) intake by Day 6 and those started on high Zn on Day 7 decreased (P < 0.01) intake on Day 8. Chicks fed Zn initially on Day 1 or 5 did not show sustained recovery in feed intake until Day 19 of the study; whereas those fed added Zn initially on Day 3 appeared to have recovered from the effect of Zn by Day 14. Recovery of feed intake was fairly consistent in birds supplemented with Zn by Day 16.
DISCUSSION
Feeding diets containing 1,000 ppm Zn continuously for 3 wk in the present experiments caused decreased feed intake and reduced growth. Highly available Zn sources should theoretically be more toxic when in- gested at high levels, as absorption represents a major portion of bioavailability in the case of Zn (Ammerman et al., 1995) . This theoretical effect appeared to be the case for gluconate, which decreased feed intake to a greater extent than sulfate. In contrast, Oh et al. (1979) reported little effect of dietary Zn on feed intake of chicks until 4,000 ppm Zn as acetate was fed. The biochemical mechanism of how high dietary Zn decreases feed intake and subsequent growth remains unclear, but the concentration of the element in brain does not appear to be a factor. Delaying the intake of Zn until after 7 d of age may improve future assays. High dietary Fe also depressed feed intake and Cao et al. (1996) reported that delaying the onset of feeding diets high in Fe until after 5 d of age alleviated the decreased feed intake associated with this element. Tissue Zn concentrations were similar to those observed in a previous report (Sandoval et al., 1997) .
Bone and pancreas accumulated more Zn than liver and kidney in the present experiments. It has been reported that Zn from bone can be utilized when Zn deficiency occurs (Harland et al., 1975) ; thus, bone Zn constitutes a functional reserve that can be mobilized. Brown et al. (1978) and Calhoun et al. (1978) reported some mobilization of bone Zn by growing quail and rats fed excess Zn. It must be remembered that mineral metabolism is highly dynamic and that there is constant redistribution occurring among all the various compartments within the body regardless of the dietary intake of an element.
Several Zn homeostatic mechanisms apparently functioned in the young chick as demonstrated by little change in Zn content in liver and kidney in Experiment 2; however, pancreas seemed to be very sensitive to excess Zn and similar results were reported for chicks by Lu and Combs (1988) . The same investigators indicated that chicks fed practical diets did not achieve pancreas Zn levels of the magnitude associated with pancreatic exocrine dysfunction even when supplements containing as great as 2,000 ppm Zn were fed for 10 d. Therefore, it is apparent that the toxicity of dietary Zn can be significantly influenced by factors that also affect its nutritional bioavailability. A practical corn-soybean meal diet contains substances, such as phytate, that reduce availability of Zn and offer substantial protection from levels of the mineral that can otherwise be toxic. The four tissues that accumulate the greatest concentrations of MT and, thus, have been studied in greatest detail are the liver, kidney, intestine, and pancreas. Of these four, the pancreas has received the least attention despite the fact that this tissue appears to accumulate the greatest levels of MT in chicks (Oh et al., 1979) .
In the present experiment, there was a trend to accumulate more Zn-MT in liver than pancreas especially for the first 2 wk of age. McCormick (1984) and Fleet et al. (1988) reported greater pancreas Zn-MT than liver Zn-MT in chicks 24 h after a single oral dose of Zn. The results from the present study are based on a 3-wk period in which chicks were fed practical diets supplemented with 1,000 ppm Zn. Zinc-MT has been reported to be susceptible to lysosomal breakdown (Feldman et al., 1978) ; however, clear information about this process in different tissues of chicks has not been reported. Oh et al. (1979) fed purified diets supplemented with high dietary Zn to chicks for 5 wk and reported that Zn-MT gradually accumulated in tissues when chicks were fed up to 2,000 ppm Zn. These investigators did not measure Zn-MT accumulation weekly as in the present experiment. The addition of 4,000 ppm Zn to the diet markedly increased the Zn content of MT (Oh et al., 1979) . These researchers reported rapid depletion of Zn from MT when birds were returned to a normal diet. It is apparent from the present studies that variability in MT over time renders this protein unsuitable as a criterion in Zn bioassays, regardless of the fact that it will accumulate to some extent when chicks are fed elevated dietary amounts of the element.
It should be emphasized that bioavailability estimates are not an inherent characteristic of a mineral source, but rather, experimentally determined values that reflect absorption and utilization under conditions of the test (Fairweather-Tait, 1987) . Bioavailability is not independent of the test animal (Chesters, 1997) ; therefore, the use of research values in practical ration formulation must be approached with caution because bioavailability values are derived at a single point in time, but are taken to represent what is actually a highly complex and dynamic biological system.
In the present experiments, relative bioavailability of Zn in Zn oxide compared with Zn acetate varied from 54 to 160% based on bone Zn or tissue MT concentrations at 1, 2, or 3 wk. Wedekind et al. (1992) reported values based on bone Zn concentration for Zn methionine compared to Zn sulfate of 117 to 206% in various types of diets. A decrease in feed intake observed in experiments such as that of Wedekind et al. (1992) , in which the control diet is Zn-deficient, can lead to a decrease in the quantity of glycocalyx per se and the quantity of Zn bound and ready for absorption (Quarterman, 1982) . The fractional turnover rate for transport of Zn from mucosa to blood was also greater in deficient vs control animals (Chesters, 1997) . Unlike most of the trace elements, relative Zn bioavailability values obtained for deficient treatments in experiments cannot be compared with those conducted at greater dietary concentrations as kinetics of Zn differ greatly. It is possible to select a set of relative bioavailability values from data presented in the literature that appear to fit the chemical and physical characteristics of the sources and agree with field observations under practical feeding conditions. Because Zn homeostatic mechanisms and kinetics are so complex, there should be caution in use of single bioavailability values estimated from tissue Zn.
Only one factor examined in the present studies to refine a model for Zn bioassays may prove useful in future studies. Delaying the onset of high Zn feeding by several days may help alleviate feed intake problems observed with Zn sulfate. Use of either Zn gluconate or Zn acetate as a standard in assays or use of MT synthesis as a bioavailability criterion will probably not be useful to improve accuracy of the estimates.
